The scattering fields from an anisotropic uniaxial-coated conducting sphere by a plane wave are derived. The electromagnetic fields in uniaxial anisotropic medium and free space can be expressed in terms of spherical vector wave functions in uniaxial anisotropic media and isotropic medium. Applying the boundary condition in the interface between the uniaxial anisotropic medium and free space, the surface of the conducting sphere, the expansion coefficients of electromagnetic fields in uniaxial anisotropic medium are obtained, and then the expansion coefficients of scattering fields and radar cross sections can be obtained. Numerical results between this method and Mie theory are in good agreement as we expect. some numerical results are given in this paper.
Introduction
In recent years, there has been a growing interest in interaction between electromagnetic fields and anisotropic media, mainly due to its many applications in the fields of antennas and microwave devices, etc. As this is an interesting subject of many potential applications, there have naturally been some existing work, for instance, the analysis of two-dimensional geometries [1, 2] and three-dimensional geometries [3] [4] [5] [6] [7] [8] . In this paper, on the basis of electromagnetic fields in uniaxial anisotropic medium using spherical vector wave functions [6] , electromagnetic fields in anisotropic uniaxial-coated conducting sphere are formulated and numerically studied in this paper. The present work in this paper serves as a further extension of the studies in [6] , and the fields in free space can be deduced from the present results and then expressed in terms of spherical vector wave functions in isotropic medium [6, 9] . Applying the boundary conditions of electromagnetic fields on the interface between uniaxial anisotropic medium and free space and on the interface of conducting sphere, all the field expansion coefficients in uniaxial anisotropic medium and free space are derived. Some numerical results are also obtained using the formulas and presented herein. One special case is considered, where the results obtained using the present method and the Mie theory [11] are compared to each other and a good agreement is observed. Geometry of a plane wave scattered by an anisotropic uniaxial-coated conducting sphere.
Formulas
Let us consider an anisotropic uniaxial-coated conducting sphere illuminated by an incident plane wave. As illuminated in Fig.1 , the coated sphere with outer radius a 1 and inner radius a 2 is located at the coordinate origin. On the surface the inner conducting sphere, the uniaxial anisotropic medium with permittivity tensor (ǫ) and permeability tensor (µ) is coated with thickness d(= a 1 − a 2 ). It is assumed that the incident wave propagates in the + z direction, the incident electric field has unity of amplitude, and is polarized in the + x direction. In the following analysis, a time dependence of exp(−iωt) is assumed for the electromagnetic field quantities, but is suppressed throughout the treatment.
The electric field vector wave equation in such a source-free uniaxial anisotropic medium can be written in the following form [2, 5, 6] :
where E denotes the electric field, while ǫ and µ represents the permittivity tensor and the permeability tensor of uniaxial anisotropic medium, the expression are [6, 8] 
Using Fourier transform [5, 6] , the expansion of plane wave factors in terms of spherical vector wave functions in isotropic medium [10] , and the properties of spherical Bessel functions [9] , the electromagnetic fields (designated by the subscript 1 ) in the uniaxial anisotropic medium can be obtained as follows:
where n ′ and n are summed up both from 0 to +∞ while m is summed up from −n to n, and r is pointing in the (θ, φ)-direction in the spherical coordinates. The coefficients, F (l) mnq , are unknown, as in [6] .
where p = e or h) and k q are functions of θ k and they have been derived in [6] . The vector wave functions, M
mn are spherical vector wave functions and they are also shown in [5, 6, 9 ,10]
where z
n (where l = 1, 2, 3, and 4) denotes an appropriate kind of spherical Bessel functions, j n , y n , h
n , and h (2) n , respectively.
The incident electromagnetic fields(designated by the superscript inc) can be expanded in an infinite series in isotropic spherical vector wave functions [6, 9, 10] 
where the expansion coefficients are defined as:
According to the radiation condition of an outgoing wave (attenuating to zero at infinity) and the asymptotic behavior of spherical Bessel functions, only h (1) n should be retained in the radial functions, therefore the expansion of scattered fields (designated by the superscript s) are
mn (r, k 0 ) .
where the coefficients, A s mn and B s mn (n varies from 0 to +∞ while m changes from −n to n), are unknowns to be determined, M 1/2 identifies the wave number of free space, respectively. Applying the boundary conditions at the surface of uniaxial anisotropic medium, for example, when r = a 2 , the expansion coefficients of electromagnetic fields in uniaxial anisotropic medium can be obtained by the following equations:
and r = a 1 it can be obtained the following expression
where expansion coefficients a 
From the Eqs.(8a) to (9b), it shows that • firstly, the unknown coefficients of electromagnetic fields in the uniaxial anisotropic medium can be obtained;
• secondly, the coefficients of scattered fields in region 0 are calculated; and • lastly, the far scattering field of electromagnetic fields from an anisotropic uniaxial-coated conducting sphere by a plane wave, and the radar cross section are thus obtained. In the last section, we have presented the necessary theoretical formulation of the electromagnetic fields of a plane wave scattered by an anisotropic uniaxial-coated conducting sphere. To gain more physics insight into the problem, we will provide in this section some numerical solutions to the problem of electromagnetic scattering by an anisotropic uniaxial-coated conducting sphere.
Numerical Results and Discussion
Numerical computations have been performed by applying the theoretical formulae derived earlier in the previous sections. In order to check the accuracy of the newly obtained numerical results, we performed one trial, that is, we calculated the radar cross sections using the present method and the Mie theory in reference [11] . The results are shown in Fig.2 , where electric dimensions of outer and inner spherical surfaces are k 0 a 1 = 2.1π and k 0 a 2 = 2π, while the permittivity and permeability tensor elements are ǫ t = ǫ z = 2.5ǫ 0 , µ t = µ z = 1.6µ 0 , respectively, (where and subsequently, ǫ 0 and µ 0 stand for the free space permittivity and permeability, respectively).It must be noted that the incidence wave propagates in the negative z-direction in this figure. From Fig.2 , it is seen apparently that the radar cross sections calculated by using the two methods (i.e., the present method in this paper and Mie theory) are in very good agreement in both the E-and H-planes, where the maximum number of n ′ used in Eqs.(8a) to (9b) is only 10 to achieve the convergence. It partially verifies the correctness and applicability of our theory as well as the program codes.
After this, we obtain some new results unavailable elsewhere in literature. Two examples are considered herein, and their radar cross sections are plotted in Figures 3 and 4 . Fig.3 represents radar cross sections of an anisotropic uniaxial-coated conducting sphere of more general uniaxial medium, where the permittivity and permeability tensor elements are characterized by ǫ t = 2ǫ 0 , ǫ z = 4ǫ 0 , and µ t = µ z = µ 0 , the electric size of the uniaxial anisotropic spherical shell is chosen as k 0 a 1 = 3π and k 0 a 2 = 2.5π. The maximum number n ′ in Eqs.(8a) to (9b) to achieve a good convergence is found to be 16. To illustrate further applicability of the scattering solution for an electrically large sized anisotropic uniaxialcoated conducting sphere(for example, in its resonance region), the radar cross sections of a relatively large uniaxial anisotropic sphere with k 0 a 1 = 5π and k 0 a 2 = 4π, under the illumination by an incident plane wave, are obtained and depicted in both the E-plane and the H-plane in Fig.4 . The permittivity and permeability tensor parameters used for this case are: ǫ t = (2 + 0.2i)ǫ 0 , ǫ z = (4 + 0.4i)ǫ 0 , and µ t = µ z = µ 0 . As the electric dimension of the sphere is increased, the maximum number of n ′ used in Eqs.(8a) to (9b) must be significantly increased to 24 to achieve the convergence.
